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Abstract: We derive low-energy effective k - p Hamiltonians for monolayer C3N at the I' and M
points of the Brillouin zone, where the band edge in the conduction and valence band can be found.
Our analysis of the electronic band symmetries helps to better understand several results of recent
ab initio calculations for the optical properties of this material. We also calculate the Landau-level
spectrum. We find that the Landau-level spectrum in the degenerate conduction bands at the I" point
acquires properties that are reminiscent of the corresponding results in bilayer graphene, but there
are important differences as well. Moreover, because of the heavy effective mass, n-doped samples
may host interesting electron—electron interaction effects.
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1. Introduction

Graphene [1] has received a great deal of attention due to its unique mechanical,
electronic, thermal and optoelectronic properties [2-4]. However, having a zero band gap
limited the applications of graphene in electronic nano-devices and motivated the search
for atomically thin two-dimensional (2D) materials, which have a finite band gap. This
led to the discovery of, for example, monolayer transition metal dichalcogenides [5-7],
silicene [8,9], phosphorene [10,11], and germanene [12]. In recent years, compounds of car-
bon nitrides CyN, have also become attractive 2D materials [13-15]. For example, graphitic
carbon-nitride (g-C3Ny), which is a direct band gap semiconductor, has potential applica-
tions in photocatalysis and in solar energy conversion due to its strong optical absorption at
visible frequencies [16,17]. Another carbon-nitride compound, two-dimensional crystalline
C3N, has also been recently synthesized [18,19]. C3N is an indirect band gap semiconductor
with an energy gap of 0.39 eV [19]. Moreover, it has shown favorable properties, such
as high mechanical stiffness [20] and interesting excitonic effects [21,22]. In addition, its
thermal conductivity properties have been investigated [20,23,24], and it has been predicted
that the electronic, optical and thermal properties of monolayer C3N can be tuned by strain
engineering [25,26].

In this work, we employ the k - p [27,28] approach in order to study the electronic
properties of monolayer C3N. We obtain the materials specific parameters appearing in the
k - p model from fitting it to density functional theory (DFT) band structure calculations.
A similar methodology has been successfully used, e.g., for monolayers of transition
metal dichalcogenides [29,30]. In particular, since the conduction band (CB) minimum
and valence band (VB) maximum are located at the I' and M points of the Brillouin zone,
respectively, we obtain k - p Hamiltonians valid in the vicinity of these points. The insight
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given by the k - p model allows us to comment on certain optical properties as well.
Moreover, we will also study the Landau-level spectrum of C3N, which, to our knowledge,
has not been considered before.

This paper is organized as follows. In Section 2, we start with a short recap of the band
structure obtained with the help of the density functional theory calculations. In Section 3,
effective k - p Hamiltonians at I' and M points are obtained, using symmetry groups and
perturbation theory. Certain optical properties of this material are discussed in Section 4.
In Section 5, the spectra of Landau levels for this material are calculated at the I' and M
points. Finally, our main results are summarized in Section 6.

2. Band Structure Calculations

The band structure of monolayer C3N has been calculated before at the DFT level
of theory [25,31,32] and also using the GW approach [21,22,33]. The main effect of the
GW approach is to enhance the band gap, and this does not affect our main conclusions
below. To be self-contained, we repeat the band structure calculations at the DFT level.
The schematics of the crystal lattice of single-layer CsN is shown in Figure 1. The lattice
of C3N possesses P6/mmm space group with a planar hexagonal lattice, and the unit
cell contains six carbon and two nitrogen atoms. We used the Wien2K package [34] to
perform first-principles calculations based on density functional theory (DFT). For the
exchange—correlation potential, we used the generalized gradient approximation [35]. The
optimized input parameters, such as RKmax, Imax, and k-point, were selected to be 8.5,
10, and 14 x 14 x 3, respectively. The convergence accuracy of self-consistent calculations
for the electron charge up to 0.0001 was chosen, and the forces acting on the atoms were
optimized to 0.1 dyn/a.u. The optimized lattice constant is 2y = 4.86, in good agreement
with previous studies [31,36].

Figure 1. Crystal structure of C3N monolayer. Purple and blue circles refer to carbon and nitrogen
atoms, respectively. Dashed black lines show the unit cell. The orange line show the hexagonal unit
cell, which can be useful for understanding certain optical properties; see Section 4.

The calculated band structure is shown in Figure 2. The conduction band minimum
is located at the I' point, while the valence band maximum can be found at the M of the
BZ. Thus, at the DFT level, C3N is an indirect band gap semiconductor with a band gap of
Epe = 0.48 eV which is in good agreement with previous works [19,37]. We checked that
the magnitude of the spin-orbit coupling is small at the band-edge points of interest and,
therefore, in the following, we will neglect it. The main effect of spin-orbit coupling is to
lift degeneracies at certain high-symmetry points and lines, e.g., the four-fold degeneracy
of the conduction band at the I' point would be split into two, two-fold degenerate bands.
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Figure 2. (a) DFT band structure calculations for C3N along the I' — K — M — T line in the BZ.
(b) orientation of the BZ and the high-symmetry points I, K, M.

3. Effective k - p Hamiltonians

We now introduce the k - p for the I' point, where the band edge of the CB is located,
and for the M point, where the band edge of the VB can be found.

3.1. T Point

The pertinent point group at the I point of the BZ is Dgj,. We obtained the correspond-
ing irreducible representations of the nine bands around the Fermi level at the I" point with
the help of the Wien2k package. Using this information, one can then set up a nine-band
k - p model along the lines of Ref. [30]; see Appendix A for details. Here, we only mention
that there is no k - p matrix element between the VB and the degenerate CB, CB+1, which
means that direct optical transitions are not allowed between these two bands. Since it is
usually difficult to work with a nine-band Hamiltonian, we derive an effective low-energy
Hamiltonian which describes the two (degenerate) conduction bands and the valence band.
Using the Lowdin partitioning technique [38,39], we find that

Hye = Hp + Hi o, 1)
Euvb 0 0
H =0 e, 0 2)

0 0 €cb+1

A 0 0
Hip=| 0 (a2+a3)g® —as(q+)? | ®)
0 —a3(-)* (a2 +a3)g?
Here, ey, = €11 = 0.386eV and ¢,, = —1.50 eV are band edge energies of the

degenerate CB minimum and VB maximum. The wavenumbers gy, g, are measured from
the I point, g+ = gx +igy and 7> = g2+ qﬁ, and in ap we took into account the free electron
term [29].

Note that there are no linear-in-q matrix elements between the VB and the degenerate
CB, CB+1 bands. In the higher order of q, these bands do couple, but this is neglected in
the minimal model given in Equation (3). The minimal model given in Equations (1)—(3)
already captures an important property of the degenerate CB and CB+1 bands from the DFT
calculations, which is that their effective masses are different. One finds from Equation (3)
that the effective masses are 1/m!, = h%(xz and 1/m!, = h%(acz + 2a3). The material
parameters «; can be obtained, e.g., by fitting these effective masses to the DFT band
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structure calculations. We find that a; = 13.77 eVA2, ay = 5.19 eVAZ and a3 = 3.95 eVAZ,
The corresponding effective masses at the I' point are shown in Table 1.

Table 1. Effective masses at the I' and M points.

All Directions M-T Line M-K Line
mgb /e 0.27 - -
ml, /me 0.73 - -
My q /e 0.29 - -
mM /m, - —0.82 -0.12
m /me - —0.87 0.10

3.2. M Point

Next we consider the M point, where the location of the VB maximum is. The relevant
point group is Dyy,. Since this point group has only one-dimensional irreducible representa-
tion, one expects that there are no degenerate bands near the M point. This is in agreement
with our DFT calculations; see Figure 2. Because of the dense spectrum in the conduction
band, we start with a 13 bands k - p Hamiltonian (see Appendix B for details), and by
projecting out the higher energy bands, we obtain an effective two-band model for the VB
and the CB.

This effective model reads

HY = HY' + HY., )
M _ [ &b 0
= (%)), ©
hz 2 2
HYy = 2w A mie ), ©
7;1%6 B2gx + .Bqu

Here, £, = 0.021eV and ¢, = 1.65€V refer to band-edge energies of the VB and the
CB, respectively, and the g, direction is along the I' — M line. We note that Hﬁ/_lp includes a

free electron term as well [29]. It is interesting to note that Hf(V_I has the same general form
as the k - p model for the I point of phosphorene [40-42]. An important difference between
the two cases, apart from the fact that the multiplicity of the I and M points is different, is
that in the case of C3N, there is a saddle point in the dispersion at the M points, whereas in
the case of phosphorene, the dispersion has a positive slope in every direction at the I point.
The material parameters appearing in Equation (6) can be obtained by fitting the dispersion
to the DFT band structure calculations. The range of fitting is 0.5% of both the M — K and
M — T directions. We find f; = —31.36 eVA?, B, = —10.02 eVA?, B3 = 34.87 eVAZ, and
Y21 = 3.41 eVA. The corresponding effective masses are given in Table 1. One can indeed
see that the effective masses have a different sign along the M — K and M — T directions.

4. Comments on the Optical Properties

Recently, Ref. [21,22] studied the optical properties of C3N based on the DFT+GyW,
methodology to obtain an improved value for the band gap and the Bethe-Salpeter approach
to calculate the excitonic properties. Several findings of Ref. [21,22] can be interpreted with
the help of the results presented in Section 3.

According to the numerical calculations of Ref. [22], the lowest energy direct excitonic
state is doubly degenerate and dark. The corresponding electron-hole transitions are
located in the vicinity of the I point, and the electron part of the exciton wavefunction is
localized on the benzene rings of C3N if the hole is fixed on an N atom.
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Firstly, we note that there is no k - p matrix element between the VB and the doubly
degenerate CB at the I point (see Appendix A), which indicates that direct optical transitions
are forbidden by symmetry. Furthermore, as shown in Figure 3, at the I point, the p, atomic
orbitals of the C atoms have a large weight in the CB, CB+1 bands, and the same applies to
the p, atomic orbitals of the N atoms in the VB. According to Table A2, the degenerate CB,
CB+1 bands correspond to the two-dimensional Ej, irreducible representation of Dgj,. One
can check that the following linear combinations of the p, atomic orbitals of the C atoms
transform as the partners of the E,, irreducible representation:

1
h=— {Pgl’c) +wp®©) + w?2pC)

V6

) 2

1
P2 = 7 {Pgl’c) + wngz,c) + wp§3’c)

) ®

where w = ¢ ,and pgl’c), i=1,2,...,6 denote the p, orbitals of the six-carbon atoms
in the unit cell; see Figure 1. Bloch wavefunctions based on ¢; and ¢, would indeed
have a large weight on the benzene rings in each unit cell, and this helps to explain the
corresponding finding of Ref. [22].

271i/3

* Pt Py

605000 * %
*

%Xy b, »

r ‘ M K r

Figure 3. Atomic orbital weight of (a) carbon and (b) nitrogen atoms in the energy bands of
C3N monolayer.

On the other hand, the k - p matrix elements are non-zero between pairs of the degen-
erate VB-1, VB-2 and CB, CB+1 bands; see Table A3. This means that optical transitions are
allowed by symmetry, and if circularly polarized light is used for excitation, then ¢ and
o~ would excite transitions between different pairs of bands. Some of the higher-energy
bright excitonic states found in Ref. [22] should correspond to this transition.

At the M point, on the other hand, there is finite matrix element between the VB and
the CB—see Equation (6)—which suggests that optical transitions are allowed by symmetry
along the I' — M line. Moreover, one can expect that the optical density of states is large
going from M toward I" because the VB and the CB are approximately parallel. Note that
the time-reversed states can be found at —¢y, i.e., on the other side of the I point. Therefore,
one can expect that in a zero magnetic field, two degenerate bright excitonic states can be
excited, and in the k space, they are localized on opposite sides of the I point along the
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I' — M lines. This corresponds to the findings of Ref. [22]. In an external magnetic field,
which breaks time reversal symmetry, the degeneracy of the two excitonic states would
be broken. This is reminiscent of the valley degeneracy breaking for magnetoexcitons in
monolayer TMDCs [43-47].

The transition along the I' — M line can be excited by a linearly polarized light. For
a general direction of the linear polarization with respect to the crystal lattice, transitions
along all three I' — M directions in the BZ would be excited. However, when the polarization
of the light is perpendicular to one of the I' — M line, then the interband transitions are
excited only in the remaining two I' — M “valleys”. In contrast, when circularly polarized
light is used for excitation, all three I' — M “valleys” are excited.

5. Landau Levels

We now consider the Landau-level (LL) spectrum of monolayer C3N. Using the
k - p Hamiltonians, one can employ the Kohn-Luttinger prescription; see, for example,
Ref. [39]. This means that one can replace the wavenumber q = (qx, qy,) by the operator
q= %V + #A, where e > 0 is the magnitude of electron charge, and A is the vector
potential describing the magnetic field. We expect that this approach should be accurate for
low-energy LLs, which are our main interest here. For high magnetic fields and/or high LL
indices, n more advanced methods may need to be used [48].

In the following, we will use the Landau gauge and A = (0, B.x,0)T. Since the
components of § do not commute, the Kohn-Luttinger prescription should be performed
in the original nine-band (I' point) or thirteen-band (M point) k - p Hamiltonians (see
Appendices A and B) and not in the low-energy effective ones given in Equations (1)—(3)
and (4)—(6), respectively. After the Kohn-Luttinger prescription in the higher-dimensional
k - p model, one can again use the Lowdin partitioning to obtain low-energy effective
Hamiltonians by taking care of the order of the non-commuting operators appearing in the
downfolding procedure. This approach was used, for example, in the case of monolayer
TMDCs to study the valley-degeneracy breaking effect of the magnetic field [49].

5.1. Effective Model at the T’ Point
The low-energy model can be expressed in terms of §+ = §» & ij,. Note, that 4, and

j— do not commute, so that [§_, ] = 2352 , where B is a perpendicular magnetic field:
Hig = Ho +H (B:) +Hyz, )

where ’Hg was defined in Equations (1)-(3), Hz = % QeMpB:S; is the Zeeman term, and

iy 0 0
H'(B:)=| 0 hn hpl (10)
0 hzp hss

The operators flij in H"(B,) are defined as follows:

N 1

hy1 = —= (44— hB,). 11
1 2] (§+4- + enB;) (11)

A A 2¢B heB
hoy = (ag + a3)g+4— + ap 7 z_ 2m: (12)
hos = —a3(44)% ey = —a3(d-)?, (13)

N A 2¢B heB
has = (ap +a3)4+4— + a3 ; S (14)

2m,
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Here, /111 corresponds to the VB, while the degenerate CB, CB+1 are described by the

2 x 2 block in Equation (10). One can introduce the creation and annihilation operators a', a

by j- = I—Bza, d+ = l—‘f&ﬁ, where Ip = +/hi/eB; is the magnetic length. The LLs that are ob-

tained from /111 correspond to the usual harmonic oscillator spectrum Egb = szgb (n+1/2),
where w,, = eB;/ mgb andn =0,1,2... is a positive integer.

Regarding the LLs of the degenerate CB, CB+1 bands, one can anticipate from
Equations (12)—(14) that the LL spectrum of this minimal model exhibits an interplay of
features known from bilayer graphene and conventional semiconductors. Two eigenstates

read
W () - (8)

where |0) and |1) are harmonic oscillator eigenfunctions. The corresponding eigenvalues
are E = ap %P — hzeTBj and E] = (2ap + a3) %= — ?TB:, respectively. The eigenstates in
Equation (15) have the same form as the two lowest energy eigenstates of bilayer graphene.
However, Eg and E; are not degenerate, and they do depend on a magnetic field, unlike in
the case of bilayer graphene.

The rest of the eigenvalues can be obtained by using the Ansatz:

a1|n+2>

Y= ( as|n) ) (16)

where n = 0,1,2... and a;,4, are constants. This Ansatz leads to a 2 x 2 eigenvalue
equation yielding the energy of two LLs for each n. The eigenvalues can be analytically
calculated, but the resulting expression is quite lengthy and not particularly insightful.

We plot the first four LLs as a function of the magnetic field in Figure 4. They cor-
respond to Ej} and E] given below in Equation (15) and the two LLs that can be ob-
tained using the Ansatz in Equation (16) for n = 0. For comparison, we also plot the
energies of “conventional” LLs E{ = hw!, (n + 1) and EP*! = hw!) 4+ 1), where
wcrb = eBz/mCrb (cucrbJrl = eBZ/mEhH) and the effective mass mgb (mcrb+1) was defined below
Equation (1)-(3). One can see that the LLs calculated using Equations (15) and (16) are
different from the conventional LLs, which indicates the important effect of the interband
coupling. In Figure 5, we show the LL energies as a function of the LL index # for a fixed
magnetic field B, = 10T. One can see that for large n, the LLs energies obtained from
Equation (16) (magenta dots) run parallel to the conventional LLs (black dots). This means
that in this limit, both set of LLs can be described by cyclotron energies hw{b and hw{b 1
but there is an energy difference between them. However, in the deep quantum regime
(n = 0,1) the two sets of LLs cannot be characterized by the same cyclotron frequencies.

We note, however, that electron—electron interactions may modify the above single
particle LL picture, similarly to what has recently been found in monolayer MoS; [50].
Namely, the obtained effective masses of the degenerate CB and CB+1 bands are quite large,
which means that the kinetic energy of the electrons is suppressed. The importance of
the electron—electron interactions can be characterized by the dimensionless Wigner—-Seitz
radius s = 1/(\/7tneay). Here, n, is the electron density, aj; = ag(xm,/m*) is the effective
Bohr radius, m* is the effective mass, « is the dielectric constant and ap is the Bohr radius.
Taking [31] x = 5 and an electron density of n = 4 x 102 cm?, one finds rs = 7.79 for
the heavier band, where m* /m, = 0.73. This value of r; indicates that electron—electron
interactions can be important. Therefore, this material may offer an interesting system to
study the interplay of electron—electron interactions and interband coupling.



Nanomaterials 2022, 12, 4375

8 of 14

0.392

0.39 1

0.388

Energy (eV)
= (=
w w
= =
- =)

0.382

0.38

B, (T)

15

Figure 4. Landau levels in the CB at the I" point of the BZ as a function of the out-of-plane magnetic
field B.. Blue lines show E} and E} given below Equation (15) and red lines indicate the first two LLs
that can be obtained from the Ansatz in Equation (16). Black lines show the "conventional" LLs, see

the text.
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Figure 5. Landau levels in the CB at the I' point of the BZ as a function of the LL index n for B, = 10
T. Magenta dots indicate LLs which can be obtained from the Ansatz in Equation (16). Black dots
show the “conventional” LLs, see the text.

5.2. M Point

We obtain the following low-energy effective Hamiltonian in terms of the operators §y

and §y:

where ’Héw was defined in Equation (5) and M (B) corresponds to Equation (6):

where

HY = HY + HM(B.) + Hy

by h
#)= (i)

i:l _LZAZ_F ~2
11 — zmeqx ,quyr

hiy = 21y, o1 = Va1,

(17)

(18)

(19)

(20)
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hoy = Bads + Bady. (21)

The off-diagonal elements of HM(B,) are significantly smaller than the diagonal ones
for magnetic fields B, < 15T; therefore, one can again use the Lowdin partitioning to

transform them out. Since the band edge at the M point is in the VB, in the following, we
consider the LLs in this band. By rewriting 4, and 4, in terms of annihilation and creation

1 _
' (a" — 2), one finds that the LLs for VB are

V2l V2l

operators g =

(a*+a),and g, =

given by
M 1 1
En,vb =&y + ﬁwyb(” + E) + EgEVbBZSz- (22)
B
Here w% — 22 s the cyclotron frequency, where m ;= . /My 3y, and My, and

2m*
b
My, refer to the effevctive masses along the I'-M and M-K directions; see Table 1.

6. Summary

In summary, we derived effective low-energy Hamiltonians for monolayer C3N at
the I' and M points of the Brillouin zone. We showed that at the I' point , there are no
linear-in-q matrix elements between the VB and the degenerate CB bands, which means
that optical transition is not allowed. We showed that optical transitions are allowed
between the degenerate VB-1, VB-2 and the CB, CB+1 bands at the I' point if circularly
polarized light is used. We also found that there is a saddle point in the energy dispersion
of M point. In addition, we suggested that the transition along the I' — M line can be
excited by linearly polarized light at the M point. Moreover, we obtained the Landau-level
spectra by employing the Kohn-Luttinger prescription for the k - p Hamiltonians at the
I' and M points. We pointed out the important effect of the interband coupling on the
Landau-level spectrum at the I point. An interesting further direction could be the study of
electron—electron interaction effects on the Landau-level splittings, which can be important
due to the heavy effective mass.
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Abbreviations

The following abbreviations are used in this manuscript:

DFT  density functional theory
CB conduction band

VB valence band

LL Landau level

Appendix A. k - p Model at the I Point

In this Appendix, we provide some details of the nine-band k - p Hamiltonian men-
tioned in the main text, which is valid at I point of the BZ. The small group of the k vector
at the I point is a Dy, the character table of this point group is given in Table AT.

Table Al. Character table for Dgj, point group.

’ ”

Dgy, E 2Ce(z) 2C3 G 3G, 3G, i 283 2S¢ op(xy) 30; 30, Linear Functions, Rotations

Agg +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 +1 -
Azg +1 +1 +1 +1 -1 -1 +1 +1 +1 +1 -1 -1 R,
By +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 +1 -1 -
Byg +1 -1 +1 -1 -1 +1 +1 -1 +1 -1 -1 +1 -
Eqg +2 +1 -1 -2 0 0 +2 +1 -1 -2 0 0 (R, Ry)
Epg +2 -1 -1 +2 0 0 +2 -1 -1 +2 0 0 —
A1y +1 +1 +1 +1 +1 +1 -1 -1 -1 -1 -1 -1 -
Apy +1 +1 +1 +1 -1 -1 -1 -1 -1 -1 +1 +1 z
By +1 -1 +1 -1 +1 -1 -1 +1 -1 +1 -1 +1 -
By, +1 -1 +1 -1 +1 -1 +1 -1 -1 +1 +1 -1 -
Eqy +2 +1 -1 -2 0 0 -2 -1 +1 +2 0 0 (x,y)
Ey, +2 -1 -1 +2 0 0 -2 +1 +1 -2 0 0 -

The Bloch wavefunctions of each band transform according to one of the irreducible
representations of Dgj,. This “symmetry label” of the bands can be determined, for example,
by considering which atomic orbitals have a large weight at a given k-space point [30]. We
used the corresponding output of the Wien2k code to obtain the symmetries of nine bands
that we will use to set up a k - p model, see Table A2. Here VB-1, VB-2...(CB+1, CB+2...)
denotes the first, second band below the VB (above the CB).

Table A2. Irreducible representations for nine bands at the I' point. Note, that VB-1 and VB-2
are degenerate, and they are described by the partners of the two-dimensional E;, representation.
Similarly, CB and CB+1 are degenerate, and they are described by the partners of the two-dimensional
Ey, representation.

Band Irreducible Representation
VB-3 Big
VB—2 Eig
VB-1 Eig
VB Agu
CB Epy
CB+1 Ea,
CB+2 Ag
CB+3 Alg
CB+4 Ay

One can then determine the non-zero matrix elements of the operator H = 1(p1.q + p_q+),
where p+ = py & ipy are momentum operators, using similar arguments as in Ref. [30].
The result is given in Table A3.
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Table A3. k - p matrix elements at I" point of the BZ.

Hy, CB+ CB+3 CB+2 VB—1 VB—2 VB-3 VB CB  CB+1
CB+4 0 0 0 Mg Aags 0 0 0 0
CB+3 0 0 0 0 0 0 0 0 0
CB+2 0 0 0 0 0 0 0 0 0
VB-1  Algy 0 0 0 0 0 Asq+ 0 Aag—
VB-2 A3 0 0 0 0 0 Asq— Aegs 0
VB—3 0 0 0 0 0 0 0 Aq— Asqy
VB 0 0 0 Mg- Mgy 0 0 0 0
CB 0 0 0 0 Mg-  Akqe 0 0 0
CB+1 0 0 0 Mg+ 0 Mg 0 0 0

Some useful relations between the non-zero matrix elements of the k - p Hamiltonian
can be derived by considering the symmetries of the basis functions. The degenerate VB-1,
VB-2 bands transform as the Ej¢ irreducible representation of Dgy, at the I point, see Table A2.
Similarly to the degenerate CB, CB+1 bands, the p, orbitals of the carbon atoms have a large
weight in these bands. One can check that the following linear combinations of the p, atomic
orbitals of the C atoms transform as the partners of the E1, irreducible representation:

1
P=
—pC 4+ ¢+ 7t (A1)

[PEC+0p2C +%p3€

1
$s = 72
—pEC + O2pIC + QP | (A2)

[PyS+ 020+ Qfp2€

where Q = ¢//3. For simplicity, we denote the Bloch wavefunction based on ¢; by |¢;). The
non-zero matrix elements between the degenerate {CB,CB+1} and {VB-1,VB-2} bands are

(¢3]p—|¢1) and (Pa]p--|¢2). One can easily check that ((¢a|p-[92))" = (¢3]p-|¢1), where
* denotes complex conjugation.

We will denote the Bloch wavefunction corresponding to VB-3 by \gbglg). The non-
zero matrix elements between the degenerate {CB,CB+1} and VB-3 are (¢, [p+|¢1) and
(¢B,,|P—|¢2). Considering the transformation properties of the Bloch wavefunctions and
of p+ with respect to the C/2 rotation, whose axis is perpendicular to the main, out-of-plane
rotation axis, one can show that (¢, [+ [$1) = —(¢5,, [P |¢$2). These relations are taken
into account in Table A3.

Appendix B. k - p Model at the M Point

In this Appendix, we explain the most important details of obtaining the k - p Hamil-
tonian for the M point of the BZ, where the relevant point group is Dy, . The character
table for Dy, point group is given in Table A4.
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Table A4. Character table for D5, point group.

Dy, E Ca(z2) Ca(y) Ca(x) i o(xy) o(xz) o(yz) Linear Functions, Rotations
Ag +1 +1 +1 +1 +1 +1 +1 +1 -

Byg +1 +1 -1 -1 +1 +1 -1 -1 Ry

Bog +1 -1 +1 -1 +1 -1 +1 -1 Ry

B3g +1 -1 -1 +1 +1 -1 -1 +1 R,

Ay +1 +1 +1 +1 -1 -1 -1 -1 -

B1y +1 +1 -1 -1 -1 -1 +1 +1 X

By, +1 -1 +1 -1 -1 +1 -1 +1 y

B3y +1 -1 -1 +1 -1 +1 +1 -1 z

Using information from our DFT calculation, we have assigned an irreducible repre-
sentations of D5, to the selected thirteen bands, see Table A5.

Table A5. Irreducible representations for bands at the M point. All bands are non-degenerate.

Band Irreducible Representation
VB-3 B3,
VB-2 By,
VB-1 Byg
VB Bsg
CB Aqy
CB+1 Asg
CB+2 By,
CB+3 Blu
CB+4 Bau
CB+5 Alg
CB+6 B3g
CB+7 By,
CB+8 Bsg

Finally, one can set up the 13-bands model given in Table A6:

Table A6. k - p matrix elements at M point.

Hy, VB—3 VB-2 VB-1 CB+1 CB+2 CB+3 CB+4 CB+5 CB+6 CB+7 CB+8 VB CB
VB-3 0 0 0 Y14x 0 0 0 Y20 0 0 0 0 0
VB-2 0 0 Y39x 0 0 0 0 0 Yaqy 0 Ysdy  Vely 0
VB-1 0 V39x 0 0 0 Y79x 0 0 0 Y8qx 0 0 Yoqy
CB+1  7igx 0 0 0 Y10y 0 1y 0 0 0 0 0 0
CB+2 0 0 0 Yiody 0 0 0 0 0 0 0 0 0
CB+3 0 0 Yo% 0 0 0 0 0 Y129y 0 Y139y Y144y 0
CB+4 0 0 0 1 qy 0 0 0 Y159y 0 0 0 0 0
CB+5 Y59x 0 0 0 0 0 Y159y 0 0 0 0 0 0
CB+6 0 Yidy 0 0 0 Yoy 0 0 0 Y169y 0 0 Y17x
CB+7 0 0 Y89x 0 0 0 0 0 Y6y 0 T189y  Y1oky 0
CB+8 0 Y5y 0 0 0 Y134y 0 0 0 Yigdy 0 0 Y209 x

VB 0 Yeqy 0 0 0 Y149y 0 0 0 Yiody 0 0 Y219
CB 0 0 Yody 0 0 0 0 0 Virlx Vo0dx  Va1fx 0
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